Introduction
C-type cytochromes are among the most diverse classes of metal-containing proteins, fulfilling various functions in numerous biological electron transfer processes [1] . The heme groups are covalently linked to the polypeptide chain through thioether bonds set by the cysteine residues in the heme-binding motif Cys-X-X-Cys-His. In this motif, the histidine is usually one of the axial ligands to the heme iron and X can be any amino acid residue. Interestingly, the covalent attachment to the polypeptide chain allows ctype cytochromes to bind numerous hemes on a short stretch of protein, where the heme-protein ratio is high and only very little secondary structure can be observed. In dissimilatory metal reducing bacteria (DMRB) multiheme c-type cytochromes (MHC) are implicated in several processes, such as electron transfer in respiratory processes [2, 3] , gene regulation [4] and as electron-storage sinks or capacitors [5, 6] .
The genome of the Gram-negative -proteobacterium Geobacter sulfurreducens [7] contains three ORFs encoding two proteins with 12 heme binding sites (GSU0592 and GSU1996) and one with 27 heme binding motifs (GSU2210). Homologous polymers were also found in the genome of G. metallireducens and G. uraniireducens, with pairwise sequence identities higher than 70%, leading to the establishment of a new sub-class of cytochromes [8] . The crystal structure of GSU1996 cytochrome was recently determined and showed that these cytochromes are formed by highly homologous triheme domains that are connected to each other by short linkers [9] .
Each module shares similarities with the triheme cytochrome c 7 that can be found in several MHC from Geobacter spp. [8] . In each of these c 7 -type domains, the hemes I and III, numbered by analogy to the structurally homologous hemes of tetraheme cytochromes c 3 [10] , present bis-histidinyl axial coordination, while heme IV contains a histidine and a methionine axial ligands [8, 9] .
The structure of GSU1996 revealed a novel architecture that spans about 12 nm end to end and contains 12 hemes. The C-terminal half of the molecule consists of two c 7 -type domains (domains C and D) that are connected by a flexible linker, while the N-terminal half of the protein has the two c 7 -type domains A and B organized as an elongated structural unit [9] . Interestingly, the heme-heme distances are within van der Walls interaction distances, enabling efficient electron exchange between them. For this reason, it was proposed that this protein may function as a natural "nanowire"
transferring electrons within the periplasmic space of Geobacter [9] . It was also proposed that in the absence of electron acceptors, these proteins contribute to the enhancement of the cellular electron-storage capacity. In this process, they may receive electrons from the inner-membrane and contribute to prevent metabolic arrest [5] .
In order to understand if this new sub-class of cytochromes functions as a nanowire or as an electron-storage capacitor it is necessary to elucidate their electron transfer processes. This information is only possible with a detailed characterization of the thermodynamic and kinetic properties of the various redox centers [11] . While the thermodynamic data allow identification of the possible electron transfer pathways, the kinetic properties elucidate the velocity of a particular electron transfer event and define the electron transfer steps that occur in the protein. Over the years, methodologies that discriminate the individual redox properties of multiple centers and their pairwise interactions were developed [11] . These methods are of general application and independent of any structural organization of the proteins.
In this work, the thermodynamic and kinetic properties of the fragment CD of GSU1996
were determined and used to elucidate the electron transfer processes performed by the C-terminal half of the protein GSU1996 for the first time. This extends the experimental application of methods that define microscopic properties of multicenter redox proteins to a case of six redox centers with a significant functional role. It was shown that the most exposed heme of domain D, at one edge of the protein, is the most thermodynamic and kinetically competent to receive electrons from the redox electron donor, and allows the protein to work as a nanowire device. This information is pioneer and contributes significantly to the understanding of the mechanisms of longrange electron transfer along these nanowire cytochromes.
Materials and Methods

Protein purification
The GSU1996 domains C and D, as well as the fragment CD, were expressed and purified as previously described [8, 12] with minor changes. Briefly, the proteins were produced in Escherichia coli strains JCB7123 (domain C) [13] and JM109 (domain D and fragment CD) harboring plasmid pEC86, which contains the c-type cytochromes maturation gene cluster ccmABCDEFGH [14] .
The overexpressed proteins were purified as follows: the periplasmic fractions were isolated by osmotic shock in the presence of lysozyme (Sigma-Aldrich) and dialyzed against 10 mM Tris-HCl pH 7.0 (domains C and D) or 20 mM sodium phosphate pH 5.9
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NMR experiments
The buffer of the purified proteins was exchanged for 80 mM sodium phosphate buffer (pH 8.0) with NaCl (final ionic strength of 250 mM) prepared in 99.9% H chemical shifts were calibrated using the water signal as internal reference. All NMR spectra were processed using TopSpin™ NMR Software from Bruker Biospin.
Redox titrations followed by visible spectroscopy
Redox titrations of domain D and fragment CD followed by UV-visible spectroscopy were performed at 289 K in anaerobic conditions as described previously in the literature [16] . Protein solutions were prepared in 80 mM phosphate buffer (at pH 7 and 
Reduction kinetic experiments with sodium dithionite
Kinetic data were obtained by measuring the light absorption changes at 552 nm with a stopped-flow instrument (SHU-61VX2 from TgK Scientific) placed inside the anaerobic chamber. The temperature of the kinetic experiments was kept at 289 ± 1 K using an external circulating bath.
The reduction experiments were performed by mixing the target proteins with sodium dithionite. The target proteins were prepared in degassed 80 mM phosphate buffer (pH 7 and 8) with NaCl (final ionic strength of 250 mM). In order to guarantee pseudo-first order conditions (see below), this strong reducing agent was used in large excess [17] .
Solid dithionite was added to degassed 5 mM phosphate buffer pH 8 with NaCl (final ionic strength of 250 mM). The concentration of the reducing agent was determined in each experiment using ε 314nm of 8000 M −1 cm −1 [18] . Partially reduced protein was prepared by adding small amounts of concentrated solution of sodium dithionite to achieve the desired degree of reduction, before the beginning of the kinetic experiment.
The reference value for the absorbance of the fully oxidized state of the protein was obtained at 552 nm in the beginning of the experiment by mixing the oxidized protein with degassed buffer, while the reference value for the fully reduced state of the protein was obtained from the final absorbance taken at effectively infinite time.
For the three proteins, the reducing agent was found to be the one-electron donor bisulfite radical (SO 2 • ) [19] . The pH of the samples was measured after each kinetic experiment and was taken as the pH of the kinetic experiment.
Data analysis
Thermodynamic analysis:
The model used in the analysis was adapted from the thermodynamic model previously developed [11, 20] . For a protein with six hemes and one protonable center, such as for the fragment CD, 64 microstates are necessary to describe in detail all possible redox transitions (Scheme 1).
The microscopic thermodynamic properties of this protein include 6 reduction potentials, one for each heme, the pK a of the ionizable center, 15 redox interaction energies between the heme groups, and 6 redox-Bohr interaction energies between the hemes and the ionizable center [11] . The fitting of the experimental data was achieved using the Nelder-Mead algorithm with the kinetic model implemented in MATLAB ® [25, 26] . Fittings using different initial values for the reference rate constants were performed to find the best solution. An experimental uncertainty of 5% of the total amplitude of the optical signal of the kinetic trace was used to determine the standard errors associated with each reference rate constant.
Results and Discussion
Typically, MHC contain several hemes that are closely-packed to allow efficient electron transfer within the proteins [3, 27] . In the dodecaheme protein GSU1996 from G. sulfurreducens the hemes are arranged in a novel "nanowire" architecture, where the hemes are at close distance to each other and have substantial surface exposure [9] . Consequently, multiple centers may donate or receive electrons from the redox
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8 partners. Thus, the identification of the redox centers that contribute significantly to the intermolecular electron transfer with the redox partners is a priority to understand the functional mechanism of GSU1996. This is however only possible with the characterization of the thermodynamic and kinetic properties of the individual redox centers in the protein.
Thermodynamic characterization of domain D and fragment
CD from G. sulfurreducens
NMR can provide the spectroscopic distinction of the various hemes in a way that is highly sensitive to their redox state [28] . Indeed, in conditions of slow intermolecular and fast intramolecular electron exchange rates on the NMR timescale it is possible to follow NMR signals from a particular heme methyl through the oxidation stages of the protein, providing the necessary data to establish the oxidation order of the hemes [22, 29] . This approach was previously used to characterize in detail the thermodynamic properties of domain C of GSU1996 [16] . The application of this methodology depends on the complexity of the system that is given by the size of the molecule, number of hemes and if the convenient electron exchange conditions are met. In the case of domain C, the decrease of temperature and increase of ionic strength were essential to achieve the slow intermolecular electron exchange regime necessary to follow the NMR signals through the different oxidation stages [16] . shifted to the low-field region between 10 and 40 ppm (Fig. 1) . The dispersion of these signals is highly dependent on the relative orientation between neighboring hemes and on the relative orientation of the axial ligands [30] . (Table 1) . Table 1 Redox titrations followed by UV-visible spectroscopy of domains C and D performed at pH 7 and 8 show that both proteins do not present redox-Bohr effect within the pH range (Fig. 2) . Indeed, published data for domain C showed that the pK a of the redoxlinked ionizable center is lower than 6 [16] . For these reasons, the microscopic thermodynamic model only considers one ionizable center that is associated with domain C (Scheme I). hemes, the information is sufficient to achieve the detailed thermodynamic characterization of fragment CD (Table 2) . Clearly, the model captures well the trend of the data and indicate that the redox behavior of the hemes in domains C and D are the same as in fragment CD (Fig. 2) . Table 2 The thermodynamic parameters of fragment CD from GSU1996 show that the reduction order of the hemes are I C , IV D , IV C , I D , III C and III D (Fig. 3) . Figure 3 Interestingly, in fragment CD the heme III of both domains C and D is the last one to be reduced. In the characterization of the individual domain C heme III was shown to be the last one to be reduced [16] , as it was observed for domain D (data not shown). This
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10 constitutes further evidences that the redox behavior of the individual domains is maintained in the hexaheme fragment.
Kinetic characterization of fragment CD
The kinetic traces obtained for the reduction of fragment CD from GSU1996 with sodium dithionite do not show pH dependence in the pH 7-8 range (Fig. 4) . This is in agreement with the data obtained from the redox titrations monitored by UV-visible spectroscopy for fragment CD (Fig. 2) . Reductive kinetic traces were obtained with the protein poised at different levels of reduction. This way, the different kinetic experiments start from equilibrium between the different stages of oxidation in a condition that depends solely on the thermodynamic properties of the hemes [17] .
Figure 4
The kinetic model uses the thermodynamic parameters to discriminate the rate constants for the reduction of the individual hemes [23] . Table 3 (Table 4) . Table 3   Table 4 Interestingly, heme III, the heme that contributes more to the reduction of fragment CD (Table 4) is the most exposed heme of domain D [9] and it is the heme with the lowest reduction potential in fragment CD. Clearly, the exposure of the hemes is not the most important factor contributing for the reductive kinetic process of the protein since heme I from domain C is the most exposed heme at fragment CD [9] , and does not contribute to the reduction process of the hexaheme protein. Table 2 . Table 2 ). The thermodynamic properties of domain D are shown in a gray box, which includes the oxidation energies of the three hemes (in bold), and the redox interaction energies between the three centers. Standard thermodynamic expressions relate the oxidation energies and deprotonation energy with reduction potentials and pK a , respectively. Standard errors for the three parameters extracted from fitting the model to the experimental data are indicated within brackets and were calculated from the diagonal element of the covariance matrix, considering an experimental uncertainty of 3%. Table 4 . Fraction of electrons that enter fragment CD from GSU1996 by each heme, calculated at pH 7 using the thermodynamic parameters from Table 2 and the reference rate constants presented in Table 3 . 
Stages
